The baculovirus Cydia pomonella granulovirus (CpGV) is widely applied as a biocontrol agent of codling moth. After field resistance of codling moth populations had been observed against the commercially used Mexican (M) isolate of CpGV, infection experiments of larvae of the resistant codling moth strain CpRR1 showed that several other naturally occurring CpGV isolates (I12, S, E2, and I07) from different geographic origins are still infectious to resistant CpRR1. Wholegenome sequencing and phylogenetic analyses of these geographic CpGV variants revealed that their genomes share only a single common difference from that of CpGV-M, which is a mutation coding for a repeat of 24 nucleotides within the gene pe38; this mutation results in an additional repeat of eight amino acids that appears to be inserted to PE38 of CpGV-M only. Deletion of pe38 from CpGV-M totally abolished virus infection in codling moth cells and larvae, demonstrating that it is an essential gene. When the CpGV-M deletion mutant was repaired with pe38 from isolate CpGV-S, which originated from the commercial product Virosoft and is infectious for the resistant codling moth strain CpRR1, the repaired CpGV-M mutant was found to be fully infectious for CpRR1. Repair using pe38 from CpGV-M restored infectivity for the virus in sensitive codling moth strains, but not in CpRR1. Therefore, we conclude that CpGV resistance of codling moth is directed to CpGV-M but not to other virus isolates. The viral gene pe38 is not only essential for the infectivity of CpGV but it is also the key factor in overcoming CpGV resistance in codling moth.
Cydia pomonella granulovirus | codling moth | resistance | genome sequencing | mutation | resistance management T he codling moth Cydia pomonella L. is a worldwide occurring insect pest that infests apples, pears, and walnuts. The larvae of codling moth bore into the fruit and cause severe economic damage if not controlled. A number of chemical and biological agents are available for the control of codling moth. One of the most efficient biological control agents (1) (2) (3) (4) (5) is the Cydia pomonella granulovirus (CpGV), which belongs to the dsDNA virus family Baculoviridae (genus Betabaculovirus). CpGV was first discovered in Mexico (Mexican isolate, CpGV-M) in 1963 (6); this isolate was later developed to commercial products now registered in 34 countries worldwide. The genome sequence of the in vivo cloned strain CpGV-M1 is ∼123 kbp and encodes for 143 ORFs (7) . Based on SNPs in highly conserved genes, different geographic CpGV isolates were classified into four genome types, A-D (8) . CpGV exhibits an extremely narrow host range that is restricted to C. pomonella and a very few closely related tortricids (Lepidoptera) (9) .
The development of resistance to baculovirus infection was thought to be unlikely before 2005 (10, 11) , which is when the first cases of resistant codling moth populations with a 1,000-to 100,000-fold reduced susceptibility to commercial CpGV products containing the isolate CpGV-M were reported from organic apple plantations in Germany and France, where CpGV products had been intensively applied (12, 13) . Since then, 38 apple plantations with CpGV resistance have been identified in Austria (2 orchards), Czech Republic (1), France (3), Germany (22), Italy (6), Switzerland (2) , and the Netherlands (2) (14) . For the codling moth strain CpR, which originated from a resistant field population in south Germany, as well as the genetically homogenous laboratory strain CpRR1, which derived from CpR, the mode of inheritance was revealed to be incompletely dominant, monogenic, and linked to the Z (sex) chromosome (15, 16) . A similar mode of inheritance was also observed in resistant Czech and French codling moth populations arguing for a more or less universal mode of resistance in Europe (17, 18) . These data led to the hypothesis that a genetic adaptation of codling moth to CpGV-M infection had occurred and was selected for by the intensive use of products containing CpGV-M (15) .
Insects manifest miscellaneous strategies to resist pathogens but lack an adaptive immune system. Insect defense to viral infections involves nonspecific factors such as physical barriers, enzymatic responses, and increasing ejection of infected midgut cells as larvae age, as well as specific factors involving cellular and humoral immunity (19) . Physical barriers to infection include the perithropic membrane (PM), an ultrafilter for particles with size exclusion greater than 30 nm (20) . Melanization of the cuticula mediated by phenoloxidase enzymes is involved in the encapsulation reaction of pathogens, such as bacteria, fungi, or virusinfected cells (21, 22) . Developmental resistance, the decreasing susceptibility of larvae with increasing age, is rather common, and is mediated by infected midgut cell-sloughing (23) (24) (25) . Behavior modifications also count among insect defense strategies (19) .
Significance
Registered in 34 countries worldwide, Cydia pomonella granulovirus (CpGV) is a highly important biological agent to control the codling moth in pome fruit production. Since 2005, 38 codling moth field populations resistant to CpGV products containing the Mexican isolate (CpGV-M) were discovered in Europe, and this was the first demonstrated field resistance against commercial baculovirus products. By identifying and sequencing different resistance-breaking CpGV isolates, it was found that resistance of codling moth is directed toward CpGV-M only. As shown by mutation experiments, CpGV-M is prone to resistance because of a 24-nucleotide repeat within the viral gene pe38. Thus, pe38 can be used as a genetic marker to identify resistance-breaking CpGV isolates for resistance management programs.
Feeding behaviors, e.g., can strongly affect the risk of insects for baculovirus infection as shown for Lymantria dispar L., which exhibit heritable cadaver-avoidance behaviors (26) .
An alternative way for insects to get rid of virus-infected cells is via programmed cell death-the apoptosis pathway (27) . Baculoviruses, however, are able to block apoptosis with the help of different virus encoded antiapoptotic proteins. In Autographa californica multiple nucleopolyhedrovirus (AcMNPV), these proteins-namely P35 and P49-are inhibitors of the insect caspases. These inhibitors of apoptosis (IAPs), thereby, ensure a permissive virus infection (28) .
For codling moth, however, resistance based on the PM, the midgut, or the immune system has been excluded for CpGV (16, 29) . Lack of CpGV DNA replication and a systemic resistance in all five instars indicated an early block to virus replication in resistant codling moth individuals (29, 30) . At the same time, it was observed that certain CpGV isolates, such as I12 or NPP-R1/R4, were able to infect larvae from resistant codling moth strains (30, 31) . Therefore, these naturally occurring CpGV isolates from different geographic origins were considered resistance-breaking isolates. Some of these isolates, meanwhile, replace CpGV-M in commercial biocontrol agents in Europe and demonstrate the importance of identifying resistance-breaking CpGV variants (30) (31) (32) for managing CpGV-resistant codling moth populations; however, their functional difference to CpGV-M allowing them to overcome CpGV resistance remained unknown.
In this study we compared different naturally occurring geographic CpGV isolates representing all known CpGV genome types (8) in laboratory assays for their infectivity to susceptible (CpS) and resistant (CpRR1) codling moth strains. We found that all tested isolates-except CpGV-M-were able to overcome resistance in CpRR1 larvae. Whole-genome sequencing of these isolates revealed a single common difference in all resistance-breaking isolates, which was located in ORF24 (pe38). Therefore, occlusion bodies of bacmid-based recombinant CpGV (in the following termed pseudoviruses) knockout and recovery mutants of pe38 were established and tested for their activity in susceptible CpS and resistant CpRR1 larvae. The recovery of infectivity of a CpGV-Mbased pseudovirus harboring the pe38 of the resistance-breaking CpGV-S in CpRR1 larvae demonstrated the key function of pe38 in overcoming baculovirus resistance in codling moth. In their entirety, these investigations demonstrate the significance of using multiple isolates of CpGV concurrently in field applications to avoid resistance in codling moth populations.
Results
Assays of Different Naturally Occurring Isolates. After the isolate CpGV-I12 had been identified as the first resistance-breaking CpGV isolate (30), we wondered, whether other geographic CpGV isolates would also differ in virulence against resistant and nonresistant codling moth strains. Therefore, the susceptibilities of CpS and CpRR1 larvae were tested for the isolates CpGV-M, -I12, -S, -E2, and -I07 in laboratory assays using 1 × 10 3 occlusion bodies (OB) per milliliter, which corresponds to a mortality of ∼70-90% in CpS in a 14-d activity assay. In CpS, all selected CpGV isolates were able to cause 70-90% mortality with no significant differences (t test, P < 0.05; Fig. 1 ). In contrast, that the CpRR1 strain was not susceptible to CpGV-M was clearly shown by the significant difference between the mortality caused by CpGV-M and all other tested isolates (t test, P < 0.05). CpRR1 was susceptible to all other CpGV isolates, however, although at different levels ranging from 41% to 95% mortality. Thus, all isolates except CpGV-M were able to infect CpRR1.
Genome Sequencing and Phylogeny. When whole-genome sequencing was conducted for the isolates CpGV-M, -I12, -S, -E2, and -I07, sequence comparisons revealed highly conserved genomes with similar sizes and GC contents ( Table 1 ). The major difference between the genomes was the lack of four ORFs in CpGV-I07 (8) . In addition, there were further SNPs and some sequence heterogeneities, mainly in noncoding regions. The most striking and only common difference among all resistance-breaking isolates and CpGV-M, however, was a repeat of 24 nt within ORF24. This ORF codes for the gene pe38, which was described as an immediate-early expressed transactivator in AcMNPV (33) . The repeated sequence encodes for the amino acid motif DTVD, which appears to have been duplicated twice and is thus present three times in CpGV-M; however, it is present only once in the isolates CpGV-I12, -S, -E2, and -I07 (Fig. 2) .
A phylogenetic analysis based on 35 core genes of the different CpGV isolates (Fig. 3 ) revealed that CpGV-M (genome type A) is the most derived type among the virus isolates, whereas CpGV-I07 belongs to the phylogenetically oldest genome type C of CpGV and is therefore ancestral to the other isolates. CpGV-E2 appeared to be a mixture of genotypes, because it contained the predominant genome type B (14) and a small portion of SNPs typically for type A genomes. CpGV-S is proposed to represent a further genome type, termed type E. The observed resistance of codling moth was isolate-specific and subjected to CpGV-M (genome type A) only, rather than a general resistance to CpGV. Because the 24-nt repeat in the ORF24 was the solely common difference between CpGV-M and all tested CpGV isolates, it was hypothesized that pe38 is the genetic determinant involved in overcoming CpGV resistance in CpRR1 larvae.
Bacmid Construction and Pseudovirus Production. To elucidate the potential role of pe38 in CpGV resistance, pe38 knockout and recovery mutants were constructed with the help of a CpGV bacmid (34) . This bacmid, bacCpGV, is based on the genome of CpGV-M1, an in vivo cloned genotype of CpGV-M, and contains an 8.6-kbp BAC cassette, including an attachment site for 3 OB/mL of the isolates CpGV-M, -I12, -S, -E2, or -I07. Mortality data were recorded 14 d postinfection and corrected for control mortality (<10% in untreated control). Error bars show SD. Columns marked by different letters differ significantly (t test, P < 0.05; uppercase for CpS, lowercase for CpRR1). The tested virus isolates, the total number of tested individuals (n) and the number of independent replicates (N) are given below the chart. the bacterial transposon Tn7 (mini-attTn7 site) (35) and a mini-F replicon for bacterial replication (Fig. 4) , and was the basis for all constructs used in this study. For generating the pe38 knockout bacmid bacCpGVΔpe38 M , the Red/ET-mediated recombination was used (36) . Then, based on bacCpGVΔpe38 M , two recovery bacmids, carrying either the homologous pe38 M ORF (from CpGV-M) or the heterologous pe38 S ORF (from CpGV-S) were constructed by cloning these ORFs as eGFP fusion constructs into the modified pFastBacΔpolyh vector (Fig. S2 ) (34) , resulting in bacCpGVΔpe38 M pe38M::eGFP and bacCpGVΔpe38 M pe38S::eGFP , respectively. The two recovery bacmids were transfected into cells of the C. pomonella cell line Cp14R (37) , and after 20 d the transfected cells were fed to CpS larvae to produce bacmid based pseudoviruses (Fig. 5) . Controls included the same setup with bacCpGVΔpe38 M and bacCpGV hsp-eGFP (34) , which contains an enhanced GFP (eGFP) under the control of the Drosophila heatshock promoter (hsp). This two-step approach, transfection in vitro followed by infection in vivo, was necessary to produce sufficient inoculum for further in vivo activity tests because Cp14R cells are extremely slow-growing and produce only a very limited number of occlusion bodies.
Infectivity of Bacmids in CpS Larvae. If pe38 is essential for the onset of the CpGV infection, it was postulated, that the knockout mutant bacCpGVΔpe38 M should not be infectious for either the permissive cell line Cp14R or the susceptible CpS larvae, and, therefore, no viable virus would be produced. To test this hypothesis, Cp14R cells were first transfected with either bacCpGVΔpe38 M or with bacCpGV hsp-eGFP (positive control), or mock transfected (negative control) and then used as inoculum for peroral infection of CpS larvae. As shown in Fig. 6A , feeding mocktransfected Cp14R cells to fourth instar CpS did not cause significant mortality (3.0 ± 4.3%) after 14 d, and neither did cells transfected with bacCpGVΔpe38 M (1.0 ± 1.4% mortality). In contrast, the cells transfected with the control construct bacCpGV hsp-eGFP caused significant mortality of 96.8 ± 5.5% after 14 d (t test, P < 0.05), simultaneously confirming the knockout of pe38 and revealing the absolute importance of pe38 for infectivity in codling moth larvae. When the cell pellets were fed to fourth instar CpS and the larvae were reared for 8-10 d, small spots of eGFP fluorescence became visible, indicating ongoing infection in CpS. Larvae expressing eGFP were collected and occlusion bodies from single larvae were purified, checked for their identity by partially sequencing and DNA restriction endonuclease analysis, before a larger virus stock was propagated in CpS larvae. The obtained occlusion bodies containing recombinant pseudoviruses of CpGV-MΔpe38 M pe38M::eGFP and CpGV-MΔpe38 M pe38S::eGFP were then used for activity assays in susceptible CpS and resistant CpRR1 larvae (Fig. 5) (Fig. 6B) ; this confirmed the functional recovery of PE38 in both constructs because the infectivity of the knockout mutant bacCpGVΔpe38 M was apparently restored for CpS.
However, when CpGV-M hsp-eGFP (9.4 ± 13.0% mortality) and CpGV-MΔpe38 M pe38M::eGFP (11.8 ± 12.4% mortality), both carrying the CpGV-M type pe38, were fed to CpRR1 larvae, no significant mortality (t test, P < 0.05) compared with the untreated control was observed (Fig. 6B) , which implies that the recombinant CpGV-MΔpe38 M pe38M::eGFP , which was infectious for CpS, was not able to overcome resistance in CpRR1.
In contrast, CpGV-MΔpe38 M pe38S::eGFP induced mortality of CpRR1 larvae of 94.6 ± 5.7% after 14 d. Thus, swapping of pe38 ORF from the isolate CpGV-S into CpGV-M enabled the recombinant virus to infect CpRR1 and confirmed the central role of pe38 in overcoming resistance. In CpS larvae, the recovery mutant CpGV-MΔpe38 M pe38S::eGFP showed no significant difference in the mortality compared with the original CpGV-M hsp-eGFP and the homologous recovery mutant CpGV-MΔpe38 M pe38M::eGFP (Fig.  6B) . The mortality caused by the pseudoviruses CpGV-M hsp-eGFP , CpGV-MΔpe38 M pe38M::eGFP , and CpGV-MΔpe38 M pe38S::eGFP in CpS or CpRR1 were comparable to the natural virus isolates CpGV-M or CpGV-S in CpS, and CpRR1 larvae and showed no significant differences in infectivity (t test, P < 0.05).
Discussion
For nearly 20 y, commercial CpGV products in Europe were solely based on the Mexican isolate CpGV-M. The preponderant occurrence of resistance of codling moth to the virus isolate CpGV-M in organic apple plantations, where the application of CpGV products was the main and often only measure to control codling moth, is no doubt the result of mutation and selection, the guiding principle of Darwinian evolution in insect populations (15, 29, 30) . Studies showing that naturally occurring geographic CpGV isolates, such as I12, NPP-R1/R4, and others, were still infectious to resistant codling moth populations and led to the development and registration of improved resistancebreaking CpGV products (18, (30) (31) (32) . Consequently, the understanding of resistance to CpGV and resistance-breaking by CpGV are of particular importance for codling moth control and may serve as a model for other baculoviruses used in insect pest control.
Here, we demonstrate that all known CpGV genome types (B-E), except for type A (CpGV-M), are able to overcome CpGV resistance. Resistance to CpGV is, therefore, isolate-dependent and specific for CpGV-M; as such, it cannot be generalized * * * * * * * * * * * * * * * * * * * Fig. 2 . Sequence alignment of the gene pe38 (ORF24) of different CpGV isolates. Shown are the amino acid sequences from position 301 to 328 of CpGV-M and from 301 to 320 of the other CpGV isolates, respectively. Distinguishable is the repeat of the amino acid motif DTVD in CpGV-M denoted by the roman numbers above (full alignment; Fig. S1 ).
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CpGV-I07 (C) to other CpGV genome types. Genome sequencing of different CpGV isolates showed that all resistance-breaking isolates lacked the repeat of 24 nt in the gene pe38 (ORF24) as the only common difference to CpGV-M. This sequence repeat results in the triplication of a predicted DTVD (or related permutations) amino acid motif in PE38 of CpGV-M. Because this repeat is the only common difference between all resistance-breaking CpGV isolates and CpGV-M, it is most plausible to assume that the absence of this repeat is responsible for their infectivity to resistant codling moth. The phylogenetic analysis of CpGV genomes confirmed the previously established phylogeny and genome classification of CpGV (8) . The phylogenetic tree clearly placed CpGV-I07 as basal branch of the CpGV isolates and determines the C-type genomes as ancestral genome types. The newly incorporated genome type E (CpGV-S) is grouped between genome type B (CpGV-E2) and the genome types A and D, which belong to the youngest CpGV genome types. Because CpGV-M is the only and "youngest" genome harboring the 24-nt repeat in pe38, we conclude that an addition was made to CpGV-M rather than a deletion to the other isolates. Interestingly, the virus isolate CpGV-R5, which is able to overcome resistance in a French-selected resistant codling moth strain, also lacks the 24-nt addition in pe38 (31, 38) .
We successfully deleted pe38 of CpGV by mutating the bacmid bacCpGV, which derived from an in vivo cloned genotype of CpGV-M (34) . Because the knockout of pe38 in CpGV totally abolishes viral infection, it can be assumed that the observed repeat of the eight amino acids in CpGV-M preserves the functionality of the protein but may modify the mode of action. The recovery of bacCpGVΔpe38 M with either pe38 M ::eGFP or pe38 S ::eGFP inserted into the mini-attTn7 site of the BAC cassette demonstrated that the functionality of pe38 is independent of its position in the genome. For virus propagation, only larvae that showed eGFP fluorescence were chosen. Because eGFP was N-terminally fused to PE38, we can conclude that (i) pe38 is expressed in vitro and in vivo, and (ii) fusion to eGFP has no detectable influence on protein-folding properties or function of PE38, because the formation of the chromophore of eGFP is linked to the correct folding of the N-terminal-tagged protein (39) . The mortality data of the different constructed pseudoviruses (Fig. 6B) and CpGV-M or CpGV-S (Fig. 1) , respectively, did not show any significant differences in the efficacy of the pseudoviruses compared with the natural virus isolates. Because all produced pseudoviruses were infectious to CpS larvae but only the recovery mutant with pe38 from CpGV-S was able to infect CpRR1, it is unequivocally demonstrated that pe38 is essential for the infection cycle of CpGV and that the lack of the eight amino acid repeat in PE38 is apparently sufficient to overcome CpGV resistance in CpRR1. Interestingly, the mortality of CpRR1 caused by the different naturally occurring resistance-breaking isolates varied and was significantly lower for CpGV-I12 compared with CpGV-S, -E2, and -I07; this suggests that beyond the resistance-overcoming role of PE38, further genomic factor(s) must contribute to the virulence of these isolates.
The pe38 gene is not present in all baculoviruses, and with only 26% amino acid identity it is poorly conserved (33) . Homologs of the pe38 gene predominantly occur in the group I alphabaculoviruses (40) as well as in some betabaculoviruses (33, 41, 42) . For AcMNPV, it was shown that pe38 is an important factor for virus formation. The knockout of pe38 dramatically reduced virulence when applied orally to Heliothis virescens larvae (40) . In contrast to bacCpGVΔpe38 M , where no occlusion bodies or budded viruses were produced, the production of occlusion bodies and budded viruses of AcMNPVΔpe38 was still possible. Additionally, bypassing the midgut by injecting AcMNPVΔpe38 budded viruses directly into the hemocoel of H. virescens larvae resulted in similar efficacy of the knockout mutant (40) compared with wild-type budded viruses, underscoring that pe38 is indeed important but not essential for AcMNPV. In contrary, injection of budded viruses of CpGV-M into the hemocoel of CpS or CpRR1 larvae revealed that only susceptible larvae became infected when bypassing the midgut. Thus, the mode of action of PE38 in CpGV must be somehow different to that in AcMNPV (29) because the resistance of CpRR1 is still present when bypassing the midgut.
The pe38 gene of AcMNPV codes for a 38-kDa nuclear protein (43) that transactivates (along with products of other immediateearly genes) early gene expression (43, 44) . PE38 of AcMNPV DNAs and then fed to susceptible CpS L4 larvae. Infected larvae exhibiting eGFP fluorescence were subjected to OB purification. After the virus identity was confirmed, it was propagated for further experiments in CpS. The resulting pseudovirus occlusion bodies were used for activity assays in CpS or CpRR1 larvae.
augments IE1-induced apoptosis in Sf9 cells by an unknown mechanism, but the expression of PE38 alone had no effect (45) . The pe38 of CpGV is most likely also an early transcribed gene, because it contains an early but no late baculovirus promoter motif. The presumption that resistance to CpGV is somehow related to early gene expression was previously made when it was found that resistance was (i) midgut receptor independent, (ii) systemic, and (iii) linked to an early interruption of the infection process causing a blockage of viral DNA replication (29) . PE38 from different baculoviruses contain an N-terminal RINGfinger domain (Fig. 7) , a specialized type of zinc finger, which is probably involved in mediating protein-protein interactions. RINGfinger domains are often found in proteins, which are involved in viral replication or signal transduction. This motif seems, therefore, characteristic for PE38. Furthermore, many but not all PE38 contain C-terminal leucine zipper motifs (43) , which are often responsible for the dimerization of DNA binding proteins. Mutations of the leucine zipper motif inhibit the ability of PE38 of AcMNPV to augment the IE1-induced apoptosis (45) , but the precise function of PE38 in the infection cycle of AcMNPV is still not elucidated.
In CpGV-M, a triplication of the C-terminal sequence motif DTVD or related permutations occurred. These sequence motifs are specific for CpGV (Fig. 7) . The motifs DxVD or DxxD are common for proteins that are substrates of caspases. Caspases, which contain also RING-finger motifs (45) such as PE38, are important for apoptosis (46) . Baculoviruses benefit from inhibiting virus-induced host cell apoptosis by either substrate inhibitors or IAPs to enhance their own multiplication (47) . As a homologous PE38 of AcMNPV, PE38 of CpGV is expected to transactivate viral genes as well as interact with specific host components. Thus, PE38 of CpGV must have a further functional domain at its C terminus; alternatively, the function of the N-terminal RING-finger or leucine zipper may be structurally impaired by this mutation. Therefore, it could be possible that the repeat of the putative recognition motif may prevent the correct binding of interacting partners. It is conceivable that host cells of resistant CpRR1 could be able to initiate cell death and the insect could prevent the spread of virus. This mechanism would partly explain why eGFP-tagged CpGV-M seems to be able to infect CpRR1 marginally, although no significant levels of DNA replication or budded virus production were detectable in CpRR1 larvae (29) , because it is hampered and apparently overpowered by the host defense systems; this is indicated by the small fluorescent eGFP spots in the midgut and fat body of infected CpRR1 larvae (29) . Recent microarray studies of CpRR1 infected with CpGV-M revealed transcripts for all temporal gene classes from immediate-early to very late genes of CpGV-M in CpRR1, but at significantly reduced and delayed rates followed by a breakdown of the infection after S males survived a discriminative concentration of CpGV-M, they did not pupate but died due to virus infection with a delay of 1-2 wk, arguing for an ongoing infection pressure by CpGV-M and a collapsing cell defense in heterozygous males (15) .
Which genetic adaptation(s) on the insect level occurred that codling moth developed resistance to CpGV-M is still unclear, but we demonstrate unambiguously that PE38 is essential for the viral infection cycle of CpGV in codling moth larvae, and that the repeat of 24-nt coding for two DTVD motifs in PE38 of CpGV-M renders this isolate to be prone to CpGV resistance. Because the nucleotide sequence of pe38 can be used as a molecular marker for the identification of resistance-breaking CpGV isolates, this finding will play a decisive role in further efforts to find new CpGV isolates against resistant codling moth populations. The current picture of CpGV resistance and overcoming of resistance, however, may be even more complex, as it is proposed by the observed virulence differences of resistance-breaking isolates. Elucidating the genetic factors that determine the virulence for insect larvae under natural infection conditions will, however, be crucial for an efficient management of resistant and nonresistant field populations of insect pests that shall be controlled by using baculovirus control agents.
Materials and Methods
Viruses, Insects, and Cell Lines. Five different naturally occurring geographic isolates of CpGV (M, I12, S, E2, and I07) were used as described in ref. 8 the Cydia pomonella cell line Cp14R (37) or larvae of virus susceptible (CpS) and resistant (CpRR1) strains of C. pomonella was used (15) for virus propagation and activity testing of bacmids and pseudoviruses as described in SI Materials and Methods.
Virus Genome Sequencing and Phylogenetic Analysis. Sanger sequencing (I12) or 454 pyrosequencing (M, S, E2, and I07) was used. Sequence annotation was done using Lasergene Software; phylogenetic analysis was performed using MEGA5 (for details, see SI Materials and Methods).
Bacmid Construction, Pseudovirus Production, and Activity Testing of Constructs. Different knockout and rescue bacmids and derivative pseudoviruses were constructed with the help of a CpGV bacmid (34) as detailed in SI Materials and Methods.
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